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Abstract —The theory of wireless information and power trans¬ 
fer in energy constrained wireless networks has caught the 
interest of researchers due to its potential in Increasing the 
lifetime of sensor nodes and mitigate the environment hazards 
caused hy conventional cell batteries. Similarly, the advancements 
in areas of cooperative spectrum sharing protocols has enabled 
efficient use of frequency spectrum between a licensed primary 
user and a secondary user. In this paper, we consider an energy 
constrained secondary user which harvests energy from the 
primary signal and relays the primary signal in exchange for 
the spectrum access. We consider Nakagami-m fading model 
and propose two key protocols, namely time-splitting cooperative 
spectrum sharing (TS-CSS) and power-sharing cooperative spec¬ 
trum sharing (PS-CSS), and derive expressions for the outage 
probabilities of the primary and secondary user in decode¬ 
forward and amplify-forward relaying modes. From the obtained 
results, it has been shown that the secondary user can carry its 
own transmission without adversely affecting the performance 
of the primary user and that PS-CSS protocol outperforms the 
TS-PSS protocol in terms of outage probability over a wide 
range of Signal to noise ratlo(SNRs). The effect of various system 
parameters on the outage performance of these protocols have 
also been studied. 

Index Terms —Wireless Sensor Networks, Wireless Energy 
Harvesting, Cooperative Spectrum Sharing, Nakagami fading. 


I. Introduction 

W ITH the proliferation in the deployment of Wireless 
Sensor Networks in fields like automated location 
monitoring, indoor localization and smart building initiatives, 
the demand for self-sustaining and long-running sensor nodes 
has increased 0 - Surveillance and tracking using sensor 
networks has become ubiquitous, where most of the sensor 
nodes run on coin cell batteries ©■ The need to eliminate 
the human intervention in replacement of the batteries and 
to make the sensor nodes more environment friendly has 
boosted the research in the field of wireless energy harvesting 
in sensor networks. Among the possible sources for energy, 
RF energy harvesting is of particular interest as RF signals 
are abundant in nature through various wireless technolo¬ 
gies and have the capacity to carry information and energy 
simultaneously ||^. A capacity-energy function to evaluate 
the fundamental performance limits between the transport of 
power and information simultaneously through a single noisy 
line has been studied in 0, while the authors in 0 have 
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given the performance limits of MIMO broadcasting systems 
for simultaneous information and power transfer. In 0 and 
0, it is assumed that the receiver is able to extract information 
and power from the same received signal. The authors in 0 
have, however, addressed practical circuit limitations for this 
assumption and studied receiver architectures which employ 
dynamic power sharing (DPS) mechanisms to carry the in¬ 
formation decoding and power transfer. Cooperative relaying 
schemes have been widely adopted in literature to enhance the 
performance of a communication system in terms of diversity, 
coverage extension etc. 0-|TT). The relay might first decode 
the received information and then transmit, which is termed 
as decode and forward (henceforth DF) relaying. Alternatively, 
the relay might also amplify the received signal (with a power 
constraint) and then transmit, called amplify and forward 
(henceforth AF) relaying. The authors in 0 and 0 have 
studied the throughput characteristics of various protocols with 
energy harvesting relay in AF and DF relaying respectively in 
Rayleigh fading channels. Further relaying protocols in diverse 
system models have been explored in 0-0) for one-way 
relaying systems and in 112| for two-way relaying. 

On the other hand, recent spectrum measurements show 
that although most of the spectrum band is allocated under 
license, the spectrum usage is very low p3| , which has 
resulted in emerging research towards methods which facilitate 
spectrum sharing between users, also known as cooperative 
spectrum sharing. This idea of cooperative spectrum sharing 
has been widely pursued in literature. The authors in | |T4[ have 
proposed a scheme where a secondary user co-exists with a 
primary user by acting as an altruistic relay and carries its 
transmission along with the transmission of a licensed primary 
user. Extension to this work with an aim to improve diversity 
has been studied in GD, wherein the secondary user is 
equipped with multiple antennas thus improving the coverage 
and performance of both primary and secondary user. The 
combination of cognitive spectrum sharing and opportunistic 
energy harvesting has been studied in | |T6| , where the authors 
have derived maximum secondary network throughput under 
given outage probability constraints. Outage patterns in relay 
assisted cognitive user which harvests energy from primary 
user is studied in where an underlay 0 cognitive 

network is studied. The transmission of the secondary user in 
fTTI is therefore limited by the peak permissible interference 
power with respect to the primary transmission. In this paper 
we consider an overlay system paradigm, where the primary 
user throughput is also a concern and the secondary user helps 
in relaying the primary signal in exchange for spectrum access. 
Our main contributions and insights in this paper are listed as 
follows. 
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Fig. 1: Geometric model of the scheme 


A. Contributions 

• We propose time splitting and power sharing based co¬ 
operative spectrum sharing protocols in which an energy 
constrained secondary (a.k.a cognitive) user acts as a 
relay for the primary signal. These novel protocols ad¬ 
dress both the problems of spectrum sharing and energy 
harvesting, wherein the secondary user harvests energy 
from the primary signal, relays the primary signal, and 
receives spectrum access for its own transmission. 

• The outage probabilities under both the protocols are 
evaluated for both the primary and the secondary users. 

• The AF and DF relaying schemes have been separately 
considered while calculating the outage expressions. Note 
that both these schemes are fundamentally different based 
on the nature of the relaying used, as explained in 

AF relaying nodes are relatively simpler to build and are 
preferred over DF if privacy and security of the primary 
data is an issue. 

• The analytical results are verified using numerical sim¬ 
ulations and the effect of the various system parameters 
on the outage have been studied. The optimum value of 
the splitting parameters and the node placement, which 
give the minimum outage at the destinations, have been 
evaluated. From the obtained results, it is shown that 
the proposed PS-CSS protocol, which is based on power 
sharing receiving at ST, outperforms TS-PSS protocol, 
which employs time-splitting based receiving over a wide 
range of Signal to noise ratio (SNR) values. 


B. Organization 

The paper is organized as follows. In section|^the geometry 
of the model and the key assumptions in this paper are 
explained. In sections III and |IV| the TS-CSS and PS-CSS 
protocols are explained respectively and the expressions of 
the outage probabilities in both the protocols are derived 
within AF and DF relaying. In section [Vj the proposed 
analytical expressions are verified with simulations and the 
effects of various system parameters in the outage calculation 
are summarized. Section finally concludes the paper and 
summarizes the results. 


II. System Model and Geometry 

The geometric model of the scheme is shown in Fig{T] Our 
model contains a primary transmitter and receiver (together 
called primary user) and a secondary transmitter and receiver 
(together called secondary user or cognitive user), where 


we study the transmission over a block time T. The total 
transmission is divided into Phases 1 and 2. In Phase 1 (solid 
lines in FiglH, the Primary Transmitter (PT) broadcasts its 
signal a;p(E yccpp] = 1) with a transmit power Pp. The 
secondary transmitter (ST) receives the signal, harvests energy, 
and processes the information from the signal. The Phase 2 
(dotted lines in Fig{T]) is further subdivided into Phase 2. a and 
Phase 2.b. In Phase 2.a, ST uses the harvested energy acting as 
an altruistic relay and forwards the primary signal to primary 
receiver (PR) and in Phase 2.b, ST transmits its own signal 
a;s(E [l^sp] = 1) towards secondary receiver (SR). The two 
signals sent by ST in Phase 2 are split in time, to prevent 
any linear inter-combination of signals as in m HD and 
hence avoid interference at the receivers. So, the performance 
constraint in these protocols is only due to channel fading and 
additive noise. The performance metric is taken as the outage 
probabilities at the receivers. Specifically, we take Rp and Rg 
as the threshold rates at the primary and secondary destinations 
respectively and declare an outage if the achieved rates fall 
below these respective threshold rates, where we assume that 
both the transmitters always have some information to send. 

For this paper, we consider all the channel links to be 
quasi-static block fading channels, where the channel gains are 
independent but need not be necessarily identically distributed 
(I.I.N.D.). In particular, we assume Nakagami-m fading 
mode jy] with channel coefficients hi,h 2 ,h 3 and h .4 over the 
channels PT-ST, ST-PR, ST-SR and PT-SR respectively. Also, 
we represent the respective link distances by di, d 2 , da and d 4 . 
Consequently, \hi\ ^ Nakagami(m, 12^), i G {1,2,...,4} 
and Cti = d“”, where v is the path-loss exponent factor and m 
is the shape parameter of Nakagami distribution. The random 
variables represented by yi would then be Gamma 

distributed^ So, ji ^ Gamma(TO, 0^), where 0^ = ftijm. The 
SNR is defined for a signal x{s) as 


E 

[signal component!^ 

E 

[noise component[^ 


In DF relaying scheme, if ST fails to decode the primary 
signal, it is assumed that it keeps quiet in Phase 2, without 
transmitting its own signal | |T4) . In AF relaying, however, ST 
would go on with both ST-PR and ST-SR transmission in 
Phase 2, irrespective of the transmission in Phase 1. 


A. Assumptions and Notation 

1) For ease of analysis, we assume that there is no direct 
link between the nodes PT-PR for direct transmission 
(DT), so the primary user completely relies on the 
secondary user for transmission, which is justified in 
the case of urban areas or nodes placed far apart. This 
assumption is also in line with previous research in this 
area such as in ||^. 


Kfy^) ) 
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pT time at ST for 
Energy Harvesting 

{l-p)T/2 time at ST for 
Information Processing. 

a(l-|3)T/2for 

ST-PR 

Transmission 

(l-a)(l-P)T/2 
for ST-SR 
Transmission 


Transmission Phase I .> h «- Transmission Phase 2 -« 

T (block time) 


Fig. 2: Transmission in TS-CSS scheme. 

2) We assume additive white Gaussian noise (AWGN) at all 
the receivers. The noise on channel link i in transmission 
phase i is represented as riy , and 

~ CA/'(0, al^) * S {1, 2,..., 4} and j e {1,2} (2) 

where cr? denotes the AWGN noise variance. 

3) We perform the analysis assuming that the nodes are 
equipped with single antenna, which is a reasonable 
assumption in small-sized sensor nodes Q- We further 
assume harvest-store-use system of energy harvesting 
relaying, where the energy harvested is directly and 
continuously used by the relaying node (secondary trans¬ 
mitter in this case) and the excess energy is stored for 
future use, as explained in | |20| . We also assume that the 
node is equipped with an ideal storage unit with infinite 
battery capacity. The energy transfer efficiency however 
need not be 100% and the practical limit achieved is 
around 55% HD- 

4) We assume that the Channel State Information (CSI) is 
perfectly available at the receivers. For ST, we assume 
that the CSI is available at the receiver side but not 
on the transmitting side, which is in line with previous 
works in this area such as in ||22l-||24l. 

III. The TS-CSS Scheme 

The Time Splitting - Cooperative Spectrum Sharing (TS- 
CSS) protocol is explained in Fig|^ where T is assumed 
to be the block time. In this protocol, PT harvests energy 
for (3T of the time, and the remaining (1 — (3)T time is 
divided equally into information processing at ST and message 
transmission from ST to PR and SR i.e, (1 — (3)T/2 time 
is used for information processing and (1 — |3)T/2 time is 
used in message transmission to PR and SR from ST. Further, 
out of the allocated (1 — (3)T/2 time for transmission, oc of 
the fraction is used for ST-PR transmission and the remaining 
(1 — a) for ST-SR transmission. Note that there is a two-fold 
time splitting, so there are two independent parameters, a and 
p. 

A. DF Relaying scheme 

The algorithm for the proposed TS-CSS protocol with DF 
relaying has been summarized in Algorithm [J The signal 
received at ST from PT in Phase 1 is given by 

ysT = i/P^hiXp -f nil (3) 

Since E [|a;pp] = 1 and \hi\^ = yi, the Signal to Noise 
(SNR) at ST can be given by; 

(4) 


Algorithm 1 DF Relaying in TS-CSS protocol 
> Phase 1 

1: PT transmits Xp towards ST 

2: ST harvests energy from Xp for |3T time. 

3: ST attempts to decode Xp for (1 — |3)T/2 time. 
t> Phase 2 

4: if 

5: ST transmits Xp for a(l — P)T/2 time. 

6: ST transmits Xs for (1 — a)(l — |3)T/2 time. 

7: else 

8: ST keeps quiet for (1 — (3)T/2 time. 

9: end if 


From 0, the achievable rate between PT and ST can thus 
be calculated as 

Ri'l-D- = ,„g,(l + SNRil-”) 

where the factor (1 — |3)T/2 denotes the time for which ST 
decodes the data, out of the block time T. Since |3T time 
is used for energy harvesting, the harvested energy in this 
protocol is given by 

£;/.=TiPpyi(|3T) (5) 


where t| is the energy harvesting efficiency. Next, we denote 
the power allocated for ST-PR transmission by and that 
allocated for ST-SR transmission by The power extracted 
in any time AT from energy E is given by E/AT. Therefore, 


p.. 


Eh 

a(l - |3)T/2 
Eh 

(l-a)(r-|3)T/2 


2r|Pp(3 

a(l - 

2r|PpP 

(r-a)(l- p) 


(6a) 

■Ti (6b) 


In DE relaying, ST first attempts to decode the received 
primary signal and then transmits it towards PR in phase 2. It 
transmits the primary signal for a(l — p)T/2 time and then 
the secondary signal for (1 — a)(l — p)T/2 time, which are 
received by PR and SR respectively as 


2/PR = ^/^^h.2Xp + 7122 
ySK = \/Pr 2 + 7132 


(7) 


Since E Nxsp] = 1, the SNR at PR and SR can be given as 


SNR, 


TS-DF 

PR 


Priy2 


and SNR, 


TS-DF 

SR 


Pr^ya 


( 8 ) 


'32 


After substituting P^j and P^^ from ( |6al l and ( |6bl l respectively, 
we get 

2TlPpP 


SNR 


TS-DF 

PR 


SNR, 


TS-DF 


a(l — p)(T. 
2riPpP 


2-yiy2 


;2-Tiy3- 


(9) 


(1 - a)(l - P)cr|2 
Hence from ([^, the achievable rate at PR and SR can thus be 
calculated as 

,TS-DF _ ~ 3)T 


R 


log2(l + SNRT|-DF) 


PR 


R, 


TS 

SR 


(l-a)(l-p)T 


log 2 (l + SNRg^^ 


TS-DFn 


(10a) 

(10b) 
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Proposition 1. The outage probabilities of the Primary user. 


that of the Secondary user, in DF 

relaying mode for TS-CSS protocol are given in closed form 
by 




1 - 


1 




v{my 


( 

m A 


^0102 

771, 777, 0/ 

)\ 


1 - 


r(TO)^ 

( 12 a) 

( 12 b) 


Z2 = 


/ Z2 

M-i A 


Ui03 

771, 771, 0/ 

)\ 


where, 
YX = 

Z1 = 


PpOi 

«( 1 -P)^ 22^2 


2tiPp|3 


= 2 ( 1 -P)T - 1 (13a) 

2Rp 

4l;2 = 2“(1-P)T — 1 (13b) 

2Rs 

^\)^ = 2 ( 1 -«)( 1 -| 5 )T - I(i3c) 




Q-l , . . . , 0-72 5 ^n +1 5 • • ■ 5 
6 l , . . . , 6772 , &772-I-1 , . . . , ^ 

n”=i r(i-a, + s).nr=ir(&,-s) 


27^* J irj=n+i r(aj - s) UUm+i r(l - bj + s) ' 

Proof: Proof of the proposition given in Appendix [A| 


which is the transmit power for ST-PR transmission, given by 
ysT is given by ©■ Substituting ysT in we get 


ypR = 


\/Pr-iPp 


s/PpYiTa 


ihihaXp- 


\/PpTi 


~niih 2 + 7122 


signal component 


noise component 


(lla) 


( 11 b) 


(16) 

Substituting for and rearranging the terms, we arrive at 
the expression for SNR at PR as 

f 2pPp(3 WPp 

—Yiy21 • I ^ 

Pr 


SNR 


TS-AF_ 

PR 


\a(l — (3)(T; 


'11 


f 2pPpP 


Voc(l - |3)cr|2 


^yiT 2 + -f yi +1 


'11 


(17) 


Using the achievable rate at PR can thus be given by 


R 


TS-AF 

PR 


a(l - |3)T 


iog 2 (i + snr; 


TS-AF 
PR 


) (18) 


The value of p.i=l and the function r(., .) is the normalized 
lower incomplete Gamma functior0 The Meijer-G function 
G^jf, dehned in |25 eq.9.301], is given below. 


The secondary transmission at ST towards SR, however, is 
independent of the mode of relaying used and would follow the 
same pattern as in DF relaying. Therefore, the signal received 
at SR, ysR, is given by 0 and the SNR at SR can be given 
as 

2 pPpP 


SNR. 


TS-AF 

SR 


(1 - a)(l - (3)cr|2 


2-yiy3- 


(19) 


and the rate at SR as 


-z'^ds (14) 


R, 


TS-AF 

SR 


(l-a)(l-P)T 


log2(l + SNRJ|-aP) (20) 


We note that since there will always be transmission in 
Phase 2 of AF relaying scheme, it makes better utilization 
of the block time T. 


B. AF relaying scheme 


Algorithm 2 AF Relaying in TS-CSS protocol 
[> Phase 1 

1 : PT transmits Xp towards ST 

2 : ST harvests energy from Xp for (3T time. 

3: ST processes Xp for (1 — (3)T/2 time. 

\> Phase 2 

4: ST amplihes and transmits Xp for oc(l — 3)T/2 time. 
5: ST transmits Xs for (1 — a)(l — |3)T/2 time. 


Proposition 2. The outage probabilities of the Primary user, 
Pr^^j”^^ and that of the Secondary user, PrJ®f~^^ in AF 
relaying mode in TS-CSS protocol are given by 


p ts-af 

^ ^OUti 


p ts-af 

^ ^ OUt2 

where. 



_ 1 p 2 ,i / Z2 


tpl(beiy+l) 

’ 0 i 02 (ab 0 iy 2 -\|)iay) 

) 

m,m,0 J 


■)dy 

( 21 a) 

( 21 b) 


This scheme is explained in Algorithm Contrary to DF 
relaying, in AF relaying mode ST amplihes the received signal 
from PT in Phase 1, and then transmits the amplihed signal 
to PR. The signal received at PR is given by 


a = 


Yl= 


2r|Pp|3 

«(l-p)o'i 2 

Pp0i 


( 22 a) 

( 22 b) 


Z2 = 


(1 Oc)(l 13)42^,22 ^00^^ 

2r|P p (3 


b (23a) 

•^11 

2Rp 

• 4 ) 1 = 2 “(i-u)T - 1 (23b) 

2Rs 

• 4 ) 2=2 - l(23c) 


?/PR = 


\/Ppyi + crJi 


2 /STh 2 + 7122- 


(15) 


where the term -^PpYi + in the denominator is the 
power constraint factor at the relay pO| chosen to ensure that 
the transmit power averaged over noise and interference is Pp, 


^r(m, x) 




e ^ dt 


r(m) 


where the value of pi = 1 , r„(.,.) is the upper normalized 
incomplete Gamma functi ogja nd Meijer-G function is dehned 
in ( [l4| ). The integration in pia| l cannot be further simplihed. It 
can be evaluated numerically and is studied in the simulation 
results. 

Proof: Proof of the proposition given in Appendix [B| ■ 

‘*ru(m, x) -\- r(m, x) = 1 
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pPp used for Energy Harvesting 

aT/2 time for 

(l-a)T/2 time for 


ST-PR 

ST-SR 

(l-p)Pp used for 

Transmission 

Transmission 

Information Processing 




■■T/2 (Phase 1) -- T/2(Phase 2) - .w 

T (block rime) 


Fig. 3: Transmission in PS-CSS scheme 


and that allocated for ST-SR transmission by Therefore, 
Eh _ ri(3Pp_ 


P' = 

1-1 


ocT/2 

Eh 


-Ti 


(1 - a)T/2 


a 
TlPPp 
(1-a) 


Ti 


(27) 


IV. The PS-CSS scheme 

The PS-CSS protocol is explained in Figj^ where T is 
assumed to be the block time. In Phase 1, for T/2 of the 
time, the primary transmitter uses (3 of the power from the 
received signal ((3Pp) for energy harvesting and (1 — |3)Pp for 
information decoding. In Phase 2, the next T/2 time is split 
in the ratio a : (1 — a), where ST-PR transmission is carried 
in the first aT/2 and ST-SR transmission in the remaining 
(1 — a)T/2 time. Note that again, the signals are split in time 
in Phase 2 to avoid any interference at the receivers. 


Like in TS-CSS protocol, ST first transmits the signal Xp with 
power P^^ which is received by PR and then transmits its own 
signal Xs with power P^^, which is received by SR. Therefore, 
the signals received at PR and SR in phase 2 are given by 

2/PR = \l^^'^2Xp + 7122 

7/SR = + 7132 (28) 

The SNR at PR and SR, after substituting P(,^ and P^,^ from 
are given by 


A. DF Relaying Scheme 


Algorithm 3 DF Relaying in PS-CSS protocol 
[> Phase 1 

1 : PT transmits Xp towards ST with power Pp 
2 : ST harvests energy from pPp power and decodes signal 
with (1 — (3)Pp power for T/2 time. 

[> Phase 2 

3: if R.gT~°^ > Rp then 

4: ST transmits Xp for aT/2 time. 

5: ST transmits Xg for (1 — a)T/2 time. 

6 : else 

7: ST keeps quiet for T/2 time. 

8 : end if 


DF relaying scheme for PS-CSS protocol has been summa¬ 
rized in Algorithm The signal received at ST from PT 
in Phase 1 is given by ([^. The ST then splits the signal 
between the energy harvester and information decoder. The 
signal received at the information receiver is given by 

VST = \/(l - P) ysT = ^(1 - p)Pp /iiXp -f Till (24) 

We have assumed that the noise factor is not affected by the 
power sharing, which is generally the case and justified in 
The SNR at ST is given from this equation by: 

SNRP|-°^ = (25) 


SNR 


PS-DF 


pPpP. 


acr; 


22 


SNR. 


PS-DF 

SR 


PpPp 


(1 - a)( 




(29) 


32 


The corresponding rates at PR and SR can be given from 
as 


R 


PS-DF 

PR 


= °^log2(l + SNRpj^ 


PS-DF 


R; 


PS 

SR 


-DF (1 


log 2 (l + SNRP|-D^) (30) 


Proposition 3. The outage probabilities of the Primary user, 
Pr^^/j"'^^ and that of the secondary user, in DF 

relaying mode in PS-CSS protocol are given in closed form 
by 


PrPS-DF^l-[(l-r(m,ri)) 


1 - 


r(7 


Gf 


12 




PrL®-;°^=i-[(i-r(m,ri)) 


1 - 


7 ^ 2,1 / Z2 

r(777)2 l’%0i03 


where. 


Pi 

TO, TO, 0 

Pi 

TO, TO, 0 


(31a) 


(31b) 


Yl= 


Ifio-Ji 

(l-|3)Pp0i 


(32a) 


(32b) 

31-7 p P 


Z2 = 


(l-«)t|) 3 g -32 


nPpP 


(32c) 


iJ)i=2t- - 1 (33a) 

2Rp 

^\,2=2^ - 1 (33b) 

2 Rs 

- 4 ) 3 = 2 (i-»)T - l(33c) 


So, the rate at ST, Rg|; for PS-CSS protocol in DF relaying 
mode can be given as 

Psl”°^ = I log 2 (l + SNR||-°^) (26) 

Now, the energy harvested in time T/2 from power (3Pp at ST 
is given by Eh = ri(3Ppyi(T/2). Next, we denote the power 
allocated in PS-CSS protocol for ST-PR transmission by 


The value of pi = 1; the lower incomplete Gamma 
function, r(TO,a:) and the Meijer-G function, G™^’” are as 
defined in ([^. 

Proof: Proof of the Proposition given in Appendix 
Note that although the forms of outage might look same in 
both TS-CSS and PS-CSS scheme, that is not the case as the 
variables Yl, Zl... are different in each context. ■ 
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(a) (b) 




(c) (d) 

Fig. 4: Variation patterns of outage probability for primary and secondary users in TS-CSS protocol. The variation of outage in DF 
relaying w.r.t oc have been shown in Fig[^ and Fig|4h| shows the plot versus (3. The respective variations in AF relaying have heen plotted 
in figures and]4d| The other parameters are p = 1, dpT-ST = 1 and Pp/cr^ = 40dB. 


Algorithm 4 AF Relaying in PS-CSS protocol 
[> Phase 1 

1: PT transmits Xp towards ST 

2: ST harvests energy from pPp power and decodes signal 
with (1 — |3)Pp power for T/2 time. 
t> Phase 2 

3: ST amplifies and transmits Xp for ocT/2 time. 

4: ST transmits Xg for (1 — a)T/2 time. 


Substituting t/g'rp from ( |24l i, we get 

v/p;,Pp(i-(3) 


ypR = 


y/(l - |3)Ppyi +crji 


hih2 + 


Signal Component 


\/(l - |3)Pp7i -FctJ] 


^h2nii-Fn22- (35) 


Noise Component 


B. AF Relaying Scheme 

The AF relaying mode for PS-CSS protocol has been 
summarized in Algorithm In AF relaying mode, the signal 
received at ST in Phase 1, y^j., is given by In Phase 
2, the primary signal at ST is directly forwarded to PR for 
ocT/2 time, and then ST transmits its own signal towards SR 
for the remaining slot time of (1—a)T/2. Therefore, the signal 
received at PR is given by 


ypR = —jr— + 7122 ■ (34) 

y/(l- (3)PpYi+ crfi 


Substituting the value of P(,^ and rearranging the terms, we 
arrive at the result for SNR at PR as 


SNR: 


PS-AF 

PR 


tlpPp 
V^YiY2 
^22 


V 


(l-P)Pp,. 

-2-Yl 

0-11 


/il(3P 


\ 


^YiY2 + 


(l-p)Pp. 


Yl + 1 


Using 


(36) 

, the achievable rate at PR in AF mode would be 
j^pg.AF ^ ^ ^ SNRP|-A'^) (37) 


where the factor a/( 1 — (3)PpYi + in the denominator The transmission towards SR in Phase 2 is independent of the 
is the power constraint factor and is given in mode of relaying used at ST. So, the signal received at SR, 
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Fig. 5: Outage probability plot versus r] for a = 0.7 and |3 = 0.3 
for both primary and secondary users in TS-CSS Protocol, m=l. 



d 

Fig. 6: Outage probability Poutl(Primary User) versus d in TS-CSS 
Protocol.The distance dpx-ST = d and dsr-PR = 2 — d. 


ysn, is given by ( |28] l. The SNR at SR is given by 

SNR|S-AF ^ yiyg (38) 

(1 - a)cr^2 

As was the case with TS-CSS protocol, there would always be 
transmission in Phase 2 in AF relaying scheme, hence making 
better utilization of the block time T. The achieved rate at SR 
would thus be given by 

RsT" = + SNRS-*") (39) 

Proposition 4. The outage probabilities of the Primary user, 
and that of the secondary user, in AF 

relaying mode in PS-CSS protocol are given by 


PS-AF^^ _ 


/Y1 


YYYZr _ rl)i(b9iy-H) _\ , 

r(m) “ ’ eie 2 (ab 0 iy=-lj)iay) J 


Pr 


,PS-AF_ 

OUt 2 


r(m)^ 


'-31.3 


Z2 

0103 


Pi 

m, TO, 0 


(40a) 

(40b) 


where. 


„ _ r|PpP 

Yl= 4ig’ll 

Z2 = 


PpBi 

(l-«)l|)2<rg2 


nPpP 


(41a) 

(41b) 

(41c) 


b (42a) 


i()i=2TJT _ 1 (42b) 

2Rs 

i1)2=2(i-“)t - 1 (42c) 


The value of pi = 1, rii(.,.) is the upper normalized 
incomplete Gamma function; the Meijer-G function is defined 
in The integration in ( |40a| l cannot be further simplified 
and is studied numerically in the simulation results. 

Proof: Proof of the Proposition given in Appendix ■ 

V. Simulation results and Discussions 

To study the effect of various system parameters such 
as a, (3,r| and distance between the nodes, the analytical 
results are plotted along with simulation results. The numerical 
simulations are carried by averaging over a million (10®) 


independent random realizations of the Nakagami-m fading 
channels hi,h 2 ,h 3 and h 4 . The results for each protocol are 
plotted separately and various modes and protocols are com¬ 
pared with each other in terms of outage. Unless otherwise 
specified, the AWGN noise variance is taken to be equal 
along all channels, and the SNR ^ = 40 dB. The path 
loss exponent u=3 which is true in cases concerning urban 
areas( 0, The nodes are placed such that the distances 

between the links PT — ST = ST — PR = Im and 
ST - SR = PT - SR = 0.5m as justified by fT^, flT). 
The energy harvesting efficiency)!)) is taken to be 1, and the 
threshold rates Rp=Rs=l bit/sec/Hz. The optimal values for 
oc(0 < a < 1) and (3(0 < (3 < 1) are those values, which 
minimize the system outage of primary and secondary systems. 
We note that the obtained results only show performance upper 
bounds, as many factors like packet loss, errors and practically 
achieved values of parameters which would further decrease 
the throughput are not considered here. 

A. TS-CSS Relaying Scheme 

Figj^shows the variation of outage probability with respect 
to the time splitting ratio oc for a value of (3 = 0.3 in DF 
relaying mode. Clearly the value of a at which the outages of 
primary and secondary are equal is independent of the value 
of m, the Nakagami scale parameter, and is equal to 0.65. This 
value can be derived analytically too by equating ( |1 la| l and 
( |1 lb) !. The variation patterns of outage with respect to (3 are 
given in Fig|^ and the value of (3 for which minimum outage 
is observed is around 0.3 for m=l and m=1.5 and around 0.25 
for m=0.5. Figj^also suggests that after exceeding a threshold 
value of (3 around 0.75 for primary and 0.8 for secondary 
user, the outage goes to 1, or the throughput—>^0. This can be 
explained as follows. For the primary user, it requires certain 
power threshold to transmit the signal, and once that much 
energy is harvested, increasing (3 beyond this value would not 
give any additional advantage. Furthermore, when (3 > 0.8, 
very less time is given for information decoding compared 
to energy harvesting, so the former becomes the dominating 
factor in deciding the outage. Also, larger (3 implies lesser 
time for transmission at ST (refer Fig|^. For secondary user, 


































Fig. 7: Variation patterns of outage probability for primary and secondary users in PS-CSS protocol. Fig|7a| shows the plot of outage 
versus a and Fig|^ shows the plot versus |3 in DF Relaying mode. The respective outage variations in AF Relaying mode are shown in 


figures 7c and 7d The other parameters are t] = 1, dpT-sr = 1 and = 40dB. 


however, the time given for decoding at ST becomes the 
dominating factor rather earlier (at a lesser value of (3 « 0.75), 
because the distance between ST-SR is less than that of ST- 
PR, and thus it requires lesser energy threshold to transmit 
the signal to SR. So increasing (3 beyond this value would 
ultimately prove detrimental. 

Similar trend for AF relaying can be observed in Fig|4c] 
against a for a value of (3 = 0.3 and in Fig|^ against (3 for a 
value of a = 0.7. The shapes of the plots and threshold values 
suggest that the overall pattern in TS-CSS relaying scheme is 
similar irrespective of the mode of relaying used at ST for 
relaying data to PR. 

The variation of the outage probability with the energy har¬ 
vesting efficiency r\ for both the protocols for m=l (Rayleigh 
fading) is shown in Fig|^ The graph demonstrates the fact that 
better energy harvesting circuits would improve the system 
performance to a great extent. Fig|^ also establishes the 
marginal performance gain in AF relaying compared to DF 
relaying over a wide range of energy harvesting efficiency, rj. 

The distances between PT-ST and ST-PR are both taken to 


be Im in each of the above results. However, an interesting 
plot in Figj^is obtained by varying the position of the relaying 
secondary transmitter and calculating the primary user outage 
in TS-CSS scheme in AF and DF relaying modes, for a = 0.7, 
(3 = 0.3 and t) = 1. The outage increases as ST is moved away 
from PT because as the distance between PT-ST increases, the 
received signal strength at ST will decrease owing to a larger 
path loss and hence larger outages at the destination. However, 
when the relaying ST is close to the destination PR, the outage 
again decreases as the energy harvested, though very less, is 
sufficient to transmit the signal to PR, located near ST. So, the 
ideal placement of the relay, even with a cooperative spectrum 
sharing mechanism, is close to PT, which agrees to the result 
in 0. Another conclusion evident from the graph is that when 
ST is near to PT than PR, AF relaying gives higher throughput 
than DF relaying and vice-versa when ST is near PR, although 
the performance gain in either case is rather marginal. 
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B. PS-CSS Relaying scheme 

This protocol also showed similar behavior to that of the 
TS-CSS protocol in terms of the variation in the outage prob¬ 
ability. Remarkably, comparison of Figj^and Fig|7a| suggests 
that the variation of outage with respect to the time-splitting 
parameter a in both protocols follows the same pattern, for 
each value of m. This can be explained as follows. Both TS- 
CSS and PS-CSS protocol employ the parameter oc as the 
time-sharing parameter in Phase 2, so they follow the same 
pattern of variation with respect to a. Moreover, this pattern 
is also observed in AF mode, evident from Fig|7^and FigfT^ 

On the other hand, the variation of (3 in Figl^ in DF 
relaying does not quite follow the pattern as in Fig|4b| The 
optimal value of |3 is around 0.7 for all values of m. It is also 
clear that there is also no threshold |3 as all values produce 
a non-zero throughput. The reason for this is as follows. 
The time splitting in transmission Phase 2 of the protocol is 
independent of the parameter P, so a larger (3 would not alter 
the transmission time at ST (refer Figj^ and hence has lesser 
dominance over the outage at both secondary and primary user. 
The variation of energy harvesting efficiency r\ follows the 
same pattern in both the protocols, as more efficiency in both 
cases leads to lesser outage probability (Fig|^. 

Another interesting observation is obtained by comparing 
Fig|7^(DF) with Fig|7d|(AF). Although the variation is iden¬ 
tically different from their TS-CSS counterparts, the outage 
probability of the secondary user in amplify forward mode 
is a monotonically decreasing function of (3, suggesting that 
greater the value of (3 chosen at ST, better will be the 
performance of the secondary user. This is because if |3 is 
high, ST will get greater transmit power and hence better 
performance. This is compared with decode forward relay¬ 
ing, where increasing (3 would in turn reduce the decoding 
capabilities at ST, and if ST has failed to decode the signal 
in Phase 1, it does not transmit its own signal too in phase 2, 
which is not the case with AF relaying. 

Finally, both the relaying schemes are compared with each 
other over a wide range of SNRs and the plot is shown in 
Figj^for m=l which corresponds to Rayleigh fading channel. 
Clearly, the PS-CSS relaying scheme outperforms the TS- 
CSS relaying scheme over a wide range of SNRs for both 
the primary and secondary users. So we conclude that the 
power sharing based receiving has better throughput compared 
to time splitting receiving in a Rayleigh fading channel. 

VI. Conclusion 

With an intention of addressing both the issues of energy 
constraint and spectrum efficiency in wireless networks, we 
propose two protocols in this paper to carry transmission in 
a spectrum sharing scenario between a primary user and an 
energy harvesting secondary user and analyze outage proba¬ 
bilities of these protocols. The outage expressions are plotted 
with respect to system parameters, and it is found out that 
power sharing based relaying is better than time splitting 
based relaying for cooperative spectrum sharing protocols over 
a wide range of SNRs at optimum values of a and |3. It 
is also found that AF relaying scheme is better than DF 



Fig. 8: Comparison of TS-CSS and PS-CSS relaying schemes for 
different SNR values in AF relaying. The values of 
a = 0.7,|3 = 0.4, ri = 1 and m = 1. 


relaying for most cases except when ST is very near to PR, in 
which case the throughput of DF relaying has slightly better 
throughput. The explained protocols enables efficient usage of 
the spectrum without adversely effecting the performance of 
the primary user and promises longer lifetime of the sensor 
nodes through energy harvesting. 

Appendix A 

Proof for Proposition[T] 

Proof: An outage is declared for the primary user if any 
of the links PT-ST or ST-PR fail to achieve the threshold rate 
required to decode the signal(Rp). For the secondary user, 
outage is dependent on the links PT-ST and ST-PR, and the 
decoding rate at SR has to meet the threshold Rg. 

- [Pr(R||-°^ > Rp)Pr(R?|-°^ > Rp)] 

(A. la) 

PrLt°^=l - [Pr(Rs|-°^ > Rp)Pr(Rs|-°^ > R^)] 

(A. lb) 

(i) Pr(Rg:^“°^ > Rp).- Using 0 for SNRg|“°^, we get 

/ 2Rp \ 

Pr(R^s-°^ > Rp) = Pr SNRJ|-°^ > 2 (i-P)t - 1 

^Pr(RTS-DF > Rp) = Pp 

= Pr(yi>%^) 

for t|)i in ( |13a| i. We know from the knowledge of Gamma 
random variables, that 

Pr( 7 i > X) = 1 - r(m, (A.2) 

.■.Pr(Rj|-°^ > Rp) = 1 - r(TO, Yl) 

for Yl in ( fT2al ). 
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(ii) Pr(Rpj^ 


TS-DF 


> Rp); Using ( |10a| l for R 


TS-DF 

PR 


we can which can be written as 


write 


Pr(Rpp 


TS-DF 


> Rp)=Pr (SNR^ 


TS-DF 

PR 


> 2»(1-P)T - 1 


^Pr(R' 


TS-DF 

PR 


2 TiPp |3 


> Rp)=Pr , n 

=Pr(YiY2 > Zl). 


T 1 T 2 > 1 ^ 2 ) 


Pr(R' 


TS-DF 

PR 


> Rp)=Pr(Yiy 2 > Zl) 


=1 - 


r{my 


^ 1,3 


Zl 

0102 


Pi 

TO, TO, 0 


where M.i=l. 

(hi) Pr(Rj^-°’' > Rs); 


f’''(^SR 


'-SR _ 

> R,)=Pr (sNRJ|-°^ 


^Pr(Rj|-°F > R,)=Pr 


2TlPpP 

(l-a)(l-| 3 )(T §2 

=Pr(YiY3 > Z2). 


> 2(l-a)(l-P)T _ 1 

YiYs > 11 ) 3 ) 


for iji 3 in P3c| l and Z2 in ( |12c| ). Therefore, 

i>Z2) 

J_^ 2.1 / Z2 

,r(TO)2 1’3)^0 i03 


Pr(Rj|-DF > Rs)=Pr(Yiy3 > Z2) 


=1 - 


Pi 

TO, TO, 0 


where |Xi=l. Substituting the above results in ( A.la| i and 
( A. lb| i gives the relations for PrJ,fj“'^^ 


1 la|i and (|1 lb|i respectively. 


Appendix B 

Proof for Proposition|2] 

Proof: The outage probability in this case is dehned as 

Pj^.TS-AF _ T3,.n3TS-AF 

Pr 


From ( [T8 ] i, we can write PrJ®^^ = Pr(R 


jTS-AF 
'-PR 

0(1-^ log2(l + SNRT|-AF) < Rp) 


< Rp) as 


2 

>TS-AF 


=Pr(SNR^^"^^ < 2“(i-P)T - 1) 
2pPp|3 


=Pr( 


a(l — |3 )ct; 


2-yiy2 


fTi 

11 


( 2pPp(3 ^ , ^Pp , , , 

Tm ) + (:;^yi) +1 


=Pr(- 


^a(l - (3)(7|2 

(ayiy2) • (bYi) 


'11 


< -il^i) 


< A>i) 


Pr 


,TS-AF 
outi 


=Pr(- 


< - 4 ^ 1 ) 


ayiy2 + bYi + 1 
=Pr(abYiy2 < at|iiYiy2 + btliiYi +t|ti) 
=Pr(Y2(abYi - atliiYi) < t|ii(bYi + 1)) 


Pr, 


TS-AF 

outi 


= Pr(R' 


TS-AF 

PR 


< Rp) 


for ij )2 in ( |13b| l and Zl in ( |12b| ). Karagiannidis and Mallik in 
| [2^ have found explicit closed form expressions for CDF of 
product of Gamma random variables. Using their result. 


poo 

= / /^^(Z)Pr(Y2(abZ2-a4iiZ) <iJii(bZ + l))dZ 

Jo 

(B.2) 

Consider the expression Pr(Y 2 (abZ^ —aiJiiZ) < t)ii(bZ+l)) 
inside the integral. Let p = ^. From ( |B.2| ), if the factor 
p > Yi. the LHS of the expression is negative and RHS is 
positive, so that Pr(-ve<+ve)=l. Else, if p < Yi, this quantity 
can be written as Pr(Y 2 < (abz^^-a^iZ) )• ( |B.2| l can be 

written as 


(A.3) 


Pr, 


TS-AF 

outi 


£{fr.iZ).Pr(y,> 


+ 


/yi (Z) ■ Pr Y2 < 


tiii(bZ + l) 
abZ^ — rjiiaZ 
tlti(bZ + l) 


dZ 


(= l)dZ 
(B.3) 


p \ X abZ^ — tjiiaZ 

Using the knowledge of Gamma random variables reduces 

( |B3] | to 

”00 ^m-lg-Z/01 , 

bit ( 


Pr 


,TS-AF 

outi 


= 1 - 


r(TO) 07 ‘ 


lpi(bZ+l) , 
02(abZ=-ll)iaZ) ' 


Pr 


The substitution Z/0i = y gives us the desired result for 
as an integration in (|21ali. Due to higher order terms 


,TS-AF 
outi 


and PrLv^ as in 


inside the inner Gamma function, the integration cannot be 
further simplihed and hence is solved off line numerically in 
the simulation results. 

The outage of the secondary user is given in ( |B.lb| ) and is 
calculated in proof for[2 


Appendix C 

Proof for Proposition[3] 

Proof: In the PS-CSS protocol too, the outage probabili¬ 
ties are dehned as 


(B.la) 


'ouii “ b’r(Rpj^ < Rp) 

''Lt^^ = Pr(R^|-^^<Rs) (B.lb) 


Prlt" =1 - [Pr(RsT-"" > Rp)Pr(R^r"' > Rp)] 

(C.la) 

Prrt;^^=l - [Pr(Rj|-^^ > Rp)Pr(R^|-^^ > R.)] 

(C.lb) 

We evaluate the expression term by term. 

(i) Pr(Rg.|“°^ > Rp).- Using SNRg|;“°^ from ( |25] l, we 


get 


Pr(RPS-DF > Rp)=Pr (T iog^(i Y SNR||-°^) > Rp) 


2Rp 

=Pr ( SNR||-°’" > 2T^ - 1 


'(aYiy2) + (bYi) + 1 
for a,b as given in ( |22a| l and P3a| l respectively. This gives us 

abY?Y2 


^Pr(RPS-DF > Rp)=Pr > till) 

Pp(l-P), 


for till in (|33a|l. 


=Pr (yi > 


.■.Pr(RP®-°’^ > Rp)=l - r(TO, YI). (C.2) 
using CDF for Gamma random variables as in |A.2[ and Y1 


given in 32a 












































(ii) Pr(Rp| > Rp); Using equation for Rp| we 
can write 
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Pr(RP®-DF > Rp)=Pr log 2 (l + SNRPI-^"^) > Rp) 
=Pr (sNRP|-°^ > 2^ - l) 
^Pr(RP|-D'^ > Rp)=Pr > ^ 2 ) 

=Pr(7i72 > Zl). 


for i |)2 in ( |33b| l and Zl in ( |32b| l. 


Pr(R^r^'^ > Rp)=Pr(yiY2 > Zl) 


=1 - 


r(m )2 ^ 1-3 


Zl 

0102 


Pi 

TO, TO, 0 

(C.3) 


where |i.i=l. 

(iii) Pr(RP|-°^ > RJ; 


Pr(RP|-D'^ > Rs)=Pr log2(l + SNRP®-°P) > R, 

=Pr (sNR^|-°^ > 2(T^ - 1^ 

^Pr(R||-D'^ > Rs)=Pr (p^YiYa > tl^a) 

=Pr(yiY3 > Z2). 

for i |)3 in ( |33c| l and Z2 in ( |32c| ). Therefore, 

Pr(R|S-°P > R,)=Pr(yiy3 > Z2) 

^ (^ 2,1 ( Z2 M-i \\ 

\r(TO)2 ^’3\^0103 TO,TO,0// 

(C.4) 


where |a.i=l. Substituting the above results in (|C.la| l and 
( |C.lb| l gives the relations for Pr^^j”^^ and Pr^^j”^^ as in 
(31a|l and (|31b|l respectively. 


Appendix D 

Proof for Proposition!!] 

Proof: The outage probability in this case is defined in 
the same way as in AF relaying in TS-CSS protocol. 


Pr, 

Pr 


outi 
,PS-AF 


= Pr(R; 


PR 
>PS-AF 


< Rp) 


= Pr(R^r < Rs) 


From ([37|, we can write = Pr(R 


PR 


(D.la) 

(D.lb) 

< Rp) as 


PS-AF 
PR 


aT 

Pi'(-^log2(l + SNR 
=Pr(SNRP|-^^ < 2^ - 1) 


)<Rp) 


=Pr 


=Pr(. 


(ayiy2) • (byi) 


(aym) + (byi) + 1 


< tjii) 



for a,b as given in ( |41a] i and ( |42a] i respectively. The expression 
is similar to that of AF relaying in TS-CSS protocol. Following 
the same procedure, the outage probability can be given as 


Pr 


PS-AF 

OUti 


= 1 - 



r(TO)0™ “ V e2(abZ2_^pjaZ) ) 


dZ 


(D.2) 


The substitution Z/0i = y gives us the desired result for 
Pi'outT^^ as an integration in ( |40a[ ). The integration cannot be 
further simplified and is solved numerically in the simulation 
results. 

The outage of the secondary user is given in ( |D.lb] l and is 
similar to the calculation in proof for Proposition]^ ■ 
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